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Purpose: The purpose of this study was to evaluate the carotid duplex criteria for a _>60% 
angiographic nternal carotid artery (ICA) stenosis and the degree of variation among 
duplex scanners. 
Methods: Carotid duplex criteria for a _>60% angiographic stenosis were evaluated in two 
ICAVL-accredited vascular laboratories with different brands of duplex scanners 
(Siemens- Quantum and Diasonics in Laboratory A, ATL and Diasonics in Laboratory B ). 
Analysis was performed for 360 carotid bifurcations in 180 consecutive patients who had 
concurrent angiographic and duplex evaluation. Blinded angiogram evaluation was 
performed with precision electronic alipers on magnified views, with stenosis calculated 
by criteria of the Asymptomatic Carotid Atherosclerosis Study and the North American 
Symptomatic Carotid Endarterectomy Trial. Duplex data included internal carotid artery 
peak systolic velocity (ICA PSV), ICA end-diastolic velocity, and the ratio of ICA PSV to 
common carotid artery (CCA) PSV (ICA/CCA ratio). 
Results: The most accurate determination of a _>60% ICA stenosis was obtained with 
ICA/CCA ratio and ICA PSV, but the optimal threshold iffered for all four scanners. The 
optimal ICA/CCA ratio varied from 2.6 to 3.3, and the optimal ICA PSV varied from 190 
to 240 cm/sec. All four scanners produced criteria that gave a positive predictive value 
>90% while maintaining accuracy at_>90%. Logarithmic transformation f duplex variables 
created a linear relationship between duplex values and angiographic stenosis, allowing 
statistical evaluation of scanner operating characteristics bylinear regression analysis and 
analysis of covariance. This analysis revealed that the mathematic equation relating duplex 
values with angiographic percent stenosis was statistically different for one of the four 
scanners (p < 0.05). Scanner differences did not appear to be due to technologists, because 
the regression fines were nearly identical for the two Diasonics canners despite use by 
different technologists. Ignoring the significant difference in operating characteristics for 
one of the four scanners would result in a mean error for predicting a 60% stenosis of 14% 
to 18% (equating a 46% or 78% stenosis with a 60% stenosis). 
Conclusions: We conclude that the correlation of duplex data with angiographic percent 
stenosis and the duplex criteria for a ->60% stenosis are machine-specific. Regression 
analysis can determine whether apparent differences are due to chance or significant 
differences in scanner characteristics. Fu~re studies should include regression analysis 
according to equipmen t type. (J Vase Surg 1996;24:856-64.) 
The most widely .used duplex ultrasound criteria 
were originally developed for angiographic stenosis as 
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determined by comparing the minimal internal ca- 
rotid artery (ICA) diameter with the normal carotid 
bulb diameter. 1 The recent Asymptomatic Carotid 
Atherosclerosis Study (ACAS)2 and the North Ameri- 
can Symptomatic Carotid Endarterectomy Trial 
(NASCET), 3 however, use a definition ofstenosis that 
compares the minimal ICA diameter with the normal 
distal ICA. Several centers have published criteria for 
a 70% stenosis by the (NASCET) criteria, 4-6 and one 
recent study has reported results for the 60% stenosis 
criteria used in the (ACAN). 7 Unfortunately the 
duplex criteria reported in these studies differ. One 
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laboratory may favor ICA to common carotid artery 
(CCA) peak systolic velocity (PSV) Ratio 4 whereas 
another laboratory obtains better results with ICA 
PSV s or a combination of ICA PSV and ICA end 
diastolic velocity (EDV) .  6,7 Even when the same 
criterion is used, threshold values differ. For example, 
the optimal threshold value of ICA PSV for a 70% 
(NASCET) angiographic stenosis has been reported 
at 210 cm/sec, 6 230 cm/sec, s and 325 cm/sec. 4 It is 
unclear whether these variations are due to equip- 
ment, technologists, or other variables. This study was 
performed in an effort to examine some of these 
potential differences and to determine the duplex 
criteria for a ___60% angiographic stenosis in our own 
laboratory. 
METHODS 
Carotid duplex criteria for a _>60% angiographic 
stenosis were evaluated in two accredited vascular 
laboratories with different brands of duplex scanners. 
Analysis was performed for 180 consecutive patients 
who had concurrent angiographic and duplex evalu- 
ation. 
Location and accrual. Evaluations were per- 
formed at Dartmouth-Hitchcock Medical Center: 
Mary Hitchcock Memorial Hospital, Lebanon, New 
Hampshire (Laboratory A) or the Department of 
Veteran Affairs Hospital in White River ]unction, 
Vermont (Laboratory B), which are both accredited 
by the Intersocietal Commission for the Accreditation 
of Vascular Laboratories. Patients were included only 
if they had duplex studies performed on one of four 
specific scanners, with a goal of accruing at least 50 
patent carotid bifurcations for analysis with each 
scanner. Patients were excluded ifthey had duplex and 
angiographic studies more than 60 days apart or had 
carotid endarterectomy between the duplex and an- 
giographic studies. Records for 180 consecutive pa- 
tients were thus obtained at the two institutions for 
studies performed between January 1991 and De- 
cember 1994. The 180 patients included 142 men 
and 38 women with a mean age of 68 years referred to 
the vascular laboratory for evaluation of carotid artery 
disease. 
Duplex examinations 
Duplex equipment in Laboratory A consisted of a 
Siemens Q 2000 (Siemens Medical Systems Inc., 
formerly Quantum Medical Systems, Issaquah, 
Wash.) and a Diasonics DRF 400 (Diasonics Ultra- 
sound, Santa Clara, Calif.). Equipment in Laboratory 
B consisted of an ATL Ultramark 9 HDI (Advanced 
Technology Laboratories, Bothell, Wash.) and a Dia- 
sonics DRF 400. The two Diasonics canners were 
identical models but not the same machine. The 
Siemens canner used a 5.0 MHz synchronous linear 
array color duplex probe with an 18-degree angle 
standoff wedge. The ATL scanner was used with a 7.0 
MHz to 4.0 MHz linear array color flow probe with 
a 4.0 MHz Doppler. The gray-scale Diasonics can- 
ners both used a 7.5 MHz mechanical sector duplex 
probe with a 3.0 MHz Doppler'. All duplex equipment 
had maintenance provided at regular intervals accord- 
ing to standard service contracts. Duplex data were 
acquired at an angle of 60 degrees or less and included 
ICA PSV, ICA EDV, and CCA PSV. The ICA PSV to 
CCA PSV ratio ( ICA/CCA ratio) was routinely 
calculated and recorded. 
Angiographic studies 
Carotid angiograms were obtained in a standard 
fashion with cut films, intraarterial digital subtrac- 
tion, or a combination of both. Two projections of 
the carotid bifurcation and intrathoracic and intra- 
cranial views were routinely obtained. Blinded an- 
giogram evaluation was perfbrmed with precision 
electronic alipers on magnified views. Stenosis was 
calculated relative to the normal distal internal ca- 
rotid artery with the formula: Percent ICA 
stenosis = (1 - [minimal ICA diameter/normal dis- 
tal ICA diameter])x 100. 2 If the minimal carotid 
diameter was in the CCA, that value was used as the 
minimal diameter in the formula. Stenosis was cal- 
culated from two views, and if there was a discrep- 
ancy, the more severe stcnosis was used as the ob- 
served value. 3Two observers performed the angio- 
graphic measurements. Interobserver variability was 
assessed with linear regression analysis of 120 
blinded measurements of angiographic percent 
stenosis performed by each of thc two observers 
comparing the specific value calculated for one ob- 
server with that of the other (not simply <60% or 
->60%). s Interobserver correlation on radiographic 
measurements was excellent (r > 0.96, p < 0.0001), 
and the slope of the regression line was nearly the 
ideal value of 1 (1.02 _ 0.02). 
Data analysis. Sensitivity, specificity, positive pre- 
dictive value (PPV), negativc predictive value, and 
accuracy were calculated to determine the optimal 
threshold values of ICA PSV, ICA EDV, and 
ICA/CCA PSV ratio by receiver operator character- 
istic (ROC) analysis. The strategy was to optimize 
PPV between 90% and 95% without reducing accu- 
racy to <90% or sensitivity to <80%. Increasing PPV to 
extremely high values results in relatively low levels of 
sensitivity and vice versa. Thus the strategy was 
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designed to provide the high PPV needed for screen- 
ing patients without symptoms while attempting to 
limit the number of false-negative studies. 
Logarithmic transformation was performed on 
the duplex variables to define a linear relationship 
between recorded uplex values and angiographic 
percent stenosis. The relationship of duplex values to 
angiographic stenosis could then be expressed quan- 
titatively by linear regression equations. Statistical 
comparison of the regression lines was performed 
with analysis of covariance. All statistical analysis was 
performed on a desktop computer with standard 
software (Statview 4.5, Abacus Concepts Inc., Berke- 
ley, Calif.). 
RESULTS 
Of the 360 carotid bifurcations, there were 38 
occlusions and 12 bifurcations without adequate 
angiographic views, leaving 310 patent carotid bifur- 
cations for analysis. All occlusions were diagnosed 
accurately by duplex evaluation. One atretic but 
angiographically patent ICA was thought o be oc- 
cluded by duplex examination. Considering the latter 
case a false-positive, the accuracy for diagnosis of 
occlusion was 97%. 
For the patent vessels ICA PSV, ICA EDV, and 
ICA/CCA ratio) all displayed the expected nonlinear 
relationship to angiographic percent stenosis as dem- 
onstrated in Fig. 1. Pooled data displayed in this 
fashion failed to reveal any distinct subset of data. The 
best ROC data were obtained with ICA/CCA ratio 
and ICA PSV, but the optimal threshold values 
differed for each of the four scanners. The optimal 
ICA/CCA ratio varied from >2.6 to >3.3, and the 
optimal ICA PSV varied from >190 cm/sec to >240 
cm/sec (Table I). All four scanners produced criteria 
that gave a PPV >90% while maintaining accuracy at 
_>90% (Table I). Although many of the values were 
similar, threshold values for duplex criteria did not 
appear to bc interchangeable among the scanners. 
The largest differences were between scanners 1and 
4. For example, an ICA/CCA ratio >3.3 produced 
optimal results for scanner 4 including asensitivity of 
95%. However, if an ICA/CCA ratio >3.3 were used 
for scanner 1, sensitivity would decrease to 73%. 
Logarithmic transformation the duplex vari- 
ables created a linear relationship with angiographic 
percent stenosis as demonstrated in Fig. 2. Thus the 
relationship of recorded duplex values to anglo- 
graphic percent stcnosis could be expressed quan- 
titatively by linear regression equations. More im- 
portant, the mathematic relationship of duplex data 
to angiographic stenosis could be determined sepa- 
rately for each of the scanners, allowing statistical 
comparison of the regression lines with analysis of 
covariance. This analysis revealed that the math- 
ematic equation relating ICA/CCA ratio and ICA 
PSV with angiographic percent stenosis was statis- 
tically different for one of the four scanners (scanner 
4, p < 0.05). Scanner differences did not appear to 
be due to technologists, because the regression lines 
were nearly identical for the Diasonics canners in the 
two laboratories despite use by different echnolo- 
gists. These data are demonstrated graphically in Fig. 
3, with the regression data shown in Table II. De- 
spite the differences noted in the criteria obtained 
from the ROC data, three of the four scanners 
appeared to have nearly identical regression lines for 
ICA/CCA ratio versus angiographic stenosis (Fig. 3, 
A). This was also true for ICA PSV versus anglo- 
graphic stenosis (Fig. 3, B). The divergence in re- 
gression lines occurred at the higher velocities as- 
sociated with ICA stenosis, not at the lower velocities 
typical of the CCA (Fig. 3, B, C). The regression 
equation for the ATL scanner had a statistically 
different slope (Fig. 3, A, B), but the r value 
and other cgressi0n statistics were as good as for the 
other scanners (Table II). Thus the mathematic 
equation relating duplex values with angiographic 
percent stenosis for this scanner was statistically dif- 
ferent but not inferior to that of the other scanners. 
Regression analysis was also used to determine 
the error produced by assuming that the scanners 
had identical operating characteristics. Scanner 4 
(ATL) produced a mean ICA/CCA ratio of 4.16 for 
a carotid artery with a 60% angiographic stenosis. If 
this ratio were recorded on the other scanners, the 
average stenosis would actually be 73%. Scanner 4 
produced a mean ICA PSV of 278 cm/sec for a 
carotid artery with a 60% angiographic stenosis. If 
this velocity were recorded on the other scanners, the 
average stenosis would actually be 78%. The inverse 
error (assuming scanner 4 had the operating char- 
acteristics of scanners 1, 2, and 3) would result in 
predicting a 46% to 49% angiographic stenosis when 
it was actually 60%. Thus assuming that the scanners 
had identical operating characteristics would result in 
consistently overestimating the angiographic percent 
stenosis by up to 18% or consistently underestimat- 
ing the angiographic percent stcnosis by as much 
as 14%. 
DISCUSSION 
Traditionally, studies comparing duplex data with 
angiography data have reported ROC curves as the 
sole determinant of duplex criteria for an anglo- 
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Fig. 1. Angiographic percent stenosis versus ICA/CCA PSV ratio (A), ICA PSV (B), and ICA 
EDV (C) for all patent carotid bifurcations. Data shown for all four scanners. 
graphic stenosis. However, recent reports of  duplex 
criteria for a 70% angiographic stenosis do not agree 
on the optimal duplex variable 4-6 or the optimal 
threshold value for a single variable such as ICA 
PSV. 46 The Asymptomatic Carotid Atherosclerosis 
Study 2has made a 60% stenosis relative to the normal 
distal ICA clinically relevan b and preliminary indica- 
tions are that duplex criteria for a 60% stenosis are not 
uniform either. 7,9J° It is interesting that each site in 
the Asymptomatic Carotid Atherosclerosis Study 
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Table I. Duplex criteria for >60% angiographic stenosis according to scanner type and 
vascular laboratory 
Optimal Percent Percent Percent Percent Percent 
Machine threshold PPV NPV sensitivity specificity accuracy 
Scanner 1: Laboratory A 
Siemens Q 2000 
ICA/CCA Ratio >2.6 95 96 93 97 96 
ICA PSV (cm/sec) >220 95 95 91 97 95 
Scanner 2: Laboratory A 
Diasouics DRF 400 
ICA/CCA Ratio >3.,1 91 89 82 95 90 
ICA PSV (cm/sec) >200 90 96 95 93 94 
Scanner 3: Laboratory B
Diasonics DRF 400 
ICA/CCA Ratio >2.9 91 92 87 94 92 
ICA PSV (cm/sec) >190 100 92 87 100 95 
Scanner 4: Laboratory B
ATL Ultramark 9
ICA/CCA Ratio >3.3 91 95 95 90 93 
ICA PSV (cm/sec) >240 90 92 93 90 91 
The best results were obtained with ICA/CCA ratio and ICA PSV, but the optimal threshold iffered according to the equipment in each 
laboratory. 
NPV, Negative predictive value. 
used site-specific data to determine duplex criteria for 
a 60% stenosis. 2 
In this study we have demonstrated that the 
relationship between recorded duplex values and 
angiographic stenosis is machine-specific. The ROC 
data in Table I suggest that the scanners in this study 
differ but provide no clear indication of whether these 
differences are statistically significant. This finding 
demonstrates the value of the logarithmic transfor- 
marion and regression analysis used in this study, 
which indicate that there are indeed statistically sig- 
nificant differences in the scanner characteristics. In 
this case the ATL scanner produces a statistically 
different mathematic equation relating duplex data 
with angiographic stenosis when compared with the 
Siemens or Diasonics scanners. This finding may 
explain some disparate results in the literature. Com- 
paring duplex criteria for a 70% angiographic stenosis 
relative to the distal ICA, Faught et al. 6 found the 
optimal threshold value of ICA/CCA ratio to be 3.3 
and the optimal value for ICA PSV to be 210 cm/sec. 
Moneta et al.4 found the optimal ICA/CCA ratio to 
be 4.0 and the best value for ICA PSV to be 325 
cm/sec. Faught's group used primarily Siemens Q 
2000 scanners, whereas Moneta's tudy used Acuson 
128 scanners (Acuson Inc., Mountain View, Calif. ). A 
more recent duplex/angiogram comparison study by 
Moneta et al. 7 suggests that the ATL Ultramark 9 and 
Acuson 128 scanners appear to have similar operating 
characteristics, and this finding agrees with a phantom 
study by Daigle et al. n Our results indicate that a 
Siemens Q 2000 scanner does produce significantly 
lower velocities than an ATL Ultramark 9 at clinically 
relevant levels of stenosis. 
When different scanners from different laborato- 
ries produce dissimilar results, one must wonder 
whether the technologists had a role in the disparity. 
In our study, duplex studies on scanners 3 and 4 were 
performed in the same laboratory by the same expe- 
rienced registered vascular technologist. In fact, the 
same radiologist conducted all of the angiogram 
evaluations on these patients, and the angiogram 
percent stenosis was calculated by the same blinded 
observers with techniques that produced extremely 
low interobserver variability. Therefore the differ- 
ences in the results for the two scanners appear to be 
machine-related. Unfortunately, such uniform clini- 
cal comparisons are difficult or impossible in most 
laboratories. This finding demonstrates the need for 
duplex manufacturers or independent third parties 
to publish reports based on standardized flow 
phantoms. 
Daigle et al.n compared a number of scanners 
with a velocity-calibrated string phantom. Although 
comparisons were made at only a single velocity, 
Daigle et al.'s study implied that the frequency and 
velocity measurement systems of an ATL or Acuson 
scanner with a linear array transducer were different 
from those of a Siemens-Quantum QAD 1 with a 
linear array transducer o  those ofa Diasonics canner 
with a single element sector transducer (the latter two 
scanners had similar characteristics). For the first time 
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Fig. 2. Angiographic percent stenosis versus duplex data demonstrating linear elationship after 
logarithmic transformation. Angiographic stenosis versus log (ICA/CCA PSV ratio) (A), log 
(ICA PSV) (B), and log (ICA EDV) (C). Data shown for all four scanners. 
we have demonstrated statistically significant differ- 
ences between scanners when used clinically over a 
wide range of velocities. It is notable that we also 
studied an ATL/l inear array combination versus a 
Siemens/linear ray and a Diasonics/sector combi- 
nation. Although the scanners in our study were not 
identical to those of Daigle, comparison studies on 
flow phantoms may have implications for the clinical 
use of duplex scanners. 
Flow phantom studies are not clinically useful, 
however, iftwo laboratories produce dissimilar results 
on the same scanner. Our data for duplex values 
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Fig. 3. Angiographic percent stenosis versus duplex data after logarithmic transformation, with 
separate regression lines plotted for each scanner. Angiographic stenosis versus log ( ICA/CCA 
PSV ratio) (A), log (ICAPSV) (B), and log (CCA PSV) (C). A and B demonstrate that regression 
line for scanner 4 (regression line in bold) is significantly different from others. C demonstrates 
that CCA PSV does not change substantially with angiographic ICA stenosis, and scanner 4 is not 
significantly different at these lower velocities. *p < 0.05 versus regression lines for other 
scanners. 
corresponding to a _>60% angiographic stenosis are 
similar to those of a recent study by Moneta et al. 7 On 
the ATL Uhramark 9 our best values were 3.3 for 
ICA/CCA ratio and 240 cm/sec for ICA PSV. 
Moneta's values for ICA/CCA ratio and ICA PSV 
were 3.2 and 260 cm/sec, respectively, with Acuson 
128 and ATL Uhramark 9 scanners (which appeared 
to have similar characteristics according to the au- 
thors). Does this indicate that duplex criteria for 
individual scanners may be independent of the labo- 
ratory in which they are performed? The answer to 
this question is uncertain, but the two Diasonics 
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Table II. Regression statistics by scanner type for ICA/CCA ratio and ICA PSV 
Scanner Slope * r p n 
Regression statistics for ICA/CCA ratio 
Scanner 1: Laboratory A
Scanner 2: Laboratory A
Scanner 3: Laboratory B
Scanner 4: Laboratory Bt 
Regression statistics for ICA PSV 
Scanner 1: Laboratory A
Scanner 2: Laboratory A
Scanner 3: Laboratory B
Scanner 4: Laboratory B'f 
9.3 + 0.7 0.82 <0.0001 103 
9.4 -+ 0.8 0.81 <0.0001 83 
9.9 + 0.9 0.80 <0.0001 58 
11.8 + 0.8"[ 0.84 <0.0001 66 
8.1 -+ 0.6 0.80 <0.0001 103 
8.4 + 0.8 0.77 <0.0001 83 
8.2 -+ 0.7 0.82 <0.0001 58 
10.6 + 0.91" 0.83 <0.0001 66 
*Slope = m from the regression equation: y = mx + b, where y = log [ ICA/CCA Ratio] or log [ICA PSV]; m = slope of the regression line; 
x = angiographic percent stenosis; and b = the y intercept of the regression fine. The regression lines are represented graphically in Fig. 
3, A and B. Slope values are multiplied by 1000. 
]'Regression line for this scanner is significantly different from the other scanners at p < 0.05 by analysis of covariance. 
scanners in our study produced nearly identical re- 
gression lines relating duplex data and angiographic 
stenosis despite use by different technologists in two 
different laboratories. It is important to note that our 
study compares two identical scanners with examina- 
tions performed by experienced registered vascular 
technologists using similar protocols in ICAVL-cer- 
tiffed laboratories. More reports including regression 
data and ROC data will be necessary before conclu- 
sions can be drawn about the broad application of 
scanner-specific duplex criteria. 
When duplex criteria from clinical studies are 
compared, regression analysis may facilitate more 
accurate comparisons than ROC analysis. This is 
demonstrated by comparing the information pro- 
vided in Tables I and II. The variation in threshold 
values derived from ROC data gives the appearance 
that all four scanners differ from one another (Table 
I). However, regression analysis demonstrates that 
scanners 1, 2, and 3 do not have statistically different 
characteristics. In fact, their regression lines for du- 
plex criteria versus angiographic stenosis are nearly 
identical (Table II). When the ROC results are 
calculated, the presence or absence of values close to 
the critical value (in this case a 60% stenosis) can have 
a large influence on determining the "optimal" 
threshold value. In a regression analysis one or two 
points will have no significant influence unless they are 
"oudiers." Thus some of the variation in determining 
the threshold criteria by ROC analysis is due to 
chance, and this explains at least part of the variability 
in published uplex criteria. 
The variation in ROC results caused by a few key 
data points may also have a role in the controversy 
about whether ICA PSV or ICA/CCA ratio is supe- 
rior. With ROC analysis ICA/CCA ratio appears to be 
superior for two of the scanners in our study, whereas 
ICA PSV appears better for the other two scanners. 
The ICA PSV seems to be clearly superior for scanner 
2, with a 95 % sensitivity and 90% PPV, compared with 
82% sensitivity and 91% PPV for ICA/CCA ratio 
(Table I). However, regression analysis for scanner 2
demonstrates very little difference in ICA PSV and 
ICA/CCA ratio as they relate to angiographic steno- 
sis. In fact, ICA/CCA ratio versus angiographic 
stenosis has a slightly better correlation value than 
ICA PSVversus angiographic stenosis for this scanner 
(r = 0.81 vs 0.77, Table II). Again, regression analysis 
provides additional information when compared with 
ROC analysis alone. 
One other controversy exists regarding use of the 
ICA/CCA ratio. If two duplex scanners record a 
different velocity for the same degree of stenosis, 
intuition suggests that using the ratio of ICA PSV to 
CCA PSV should nullify or cancel out this difference. 
However, this was not the case in our analysis. This 
result is explained by the fact that CCA PSV did not 
vary substantially over the entire range of ICA 
stenoses, whereas ICA PSV varied a great deal (Fig. 
3, B, C ). At the lower velocities found in the CCA, the 
machines recorded similar values, whereas at higher 
velocities associated with ICA stenosis, the recorded 
duplex values differ (as demonstrated by the diver- 
gcnce of regression lines in Fig. 3, B). Therefore the 
ICA/CCA ratio does not eliminate the machine 
differences. 
We conclude that the relationship between duplex 
data and angiographic percent stenosis is machine- 
specific. Logarithmic transformation and linear re- 
gression analysis can determine whether apparent 
differences are due to significant differences in scan- 
ner characteristics. Future studies should include 
analysis according to equipment ype, with both 
regression and ROC analyses. Comparison studies 
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with standardized flow phantoms and reports of 
clinical trials are necessary during the development of
new equipment to detect significant differences in 
scanner characteristics. Until these issues can be 
clarified, it will be preferable for laboratories to 
perform machine-specific correlations between du- 
plex data and angiographic percent stenosis whenever 
possible. Machines with statistically different operat- 
ing characteristics will require different sets of thresh- 
old values for determining percent stenosis. 
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